Mechanical properties, scratch resistance, belt abrasion, and cutting tool wear studies of new ultra-hard boride materials by Ahmed, Atiq
Masthead Logo
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1-1-2005
Mechanical properties, scratch resistance, belt
abrasion, and cutting tool wear studies of new ultra-
hard boride materials
Atiq Ahmed
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Ahmed, Atiq, "Mechanical properties, scratch resistance, belt abrasion, and cutting tool wear studies of new ultra-hard boride
materials" (2005). Retrospective Theses and Dissertations. 18856.
https://lib.dr.iastate.edu/rtd/18856
Mechanical properties, scratch resistance, belt abrasion, and 
cutting tool wear studies of new ultra-hard boride materials 
by 
Atiq Ahmed 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Mechanical Engineering 
Program of Study Committee: 
Shyam Bahadur, Major Professor 
Alan M. Russell 
Palaniaapa A. Molian 
Bruce Cook 
Iowa State University 
Ames, Iowa 
2005 
11 
Graduate College 
Iowa State University 
This is to certify that the master' s thesis of 
AtiqAhmed 
has met the requirements of Iowa State University 
Signatures have been redacted for privacy 
lll 
TABLE OF CONTENTS 
CHAPTER 1. GENERAL INTRODUCTION ........................................................ 1 
1.1 Introduction ........... ... .................................................... . .. ... .. ... .. . .. 1 
1.2 Thesis Organization ............ .............................. . .. ...... . ... ............. .. .. 1 
CHAPTER 2. MECHANICAL PROPERTIES AND SCRATCH TEST STUDIES OF 
NEW ULTRA-HARD ALUMINUM MAGNESIUM BORIDE MODIFIED BY 
TITANIUM DIBORIDE .. .. ....... .. .............................. ... ........................... 2 
2.1 Abstract ....................................................................................... 2 
2.2 Introduction .................................................................................. 3 
2.3 Experimental Procedure ..... ..................................... .. . ... ..... ........... .... 5 
2.3.1 Specimen Preparation ........................................................... 5 
2.3.2 Abrasion Scratch Studies ....................................................... 6 
2.3.3 Mechanical Properties ........................................................... 7 
2.4 Results and Discussion .......... . ................................... ............ ........... 8 
2.4.1 Microstructure and Mechanical Properties ...... ............ ............... .. 8 
2.4.2 Scratch Resistance ............................................................. 10 
2.4.3 Surface Examination .......................................................... .11 
2.5 Conclusions ......... ....... ................................ . ........... .... . .... . ........... 12 
2.6 References ... . ....... . ......... ... .... ...... ............ ................... .............. . .. 13 
CHAPTER 3. BELT ABRASION RESISTANCE AND CUTTING TOOL WEAR 
STUDIES ON NEW ULTRA-HARD BO RIDE MATERIALS .. .. ... . ............... . 30 
3.1 Abstract ... ........ .................. .. ... ........ .. .. ..... ....... ...... . ............... ..... 30 
3.2 Introduction ........... . . . .... .. ... .. ... ........ . . ......... ........... .. . ... ............ . .. .. 31 
lV 
3 .3 Experimental Procedure .... . ............................................................. 34 
3.3.1 Materials and Specimen Preparation .......... ... .. . ................ .. . ..... 34 
3.3.2 Mechanical Properties ......................................................... 34 
3.3.3 Abrasion Tests ..... ................ . .. . .......... ... .. . .. .. ...... .. ... .......... 35 
3.3.4 Machining Tests .................... ...... ........ ... ...... ............ . . .. ..... 36 
3.4 Results and Discussion ....... . .......... .. ............................................... 37 
3.4.1 Microstructure and Mechanical Properties .......... .. . .... ..... ..... ...... 37 
3.4.2 Belt Abrasion .................. ...... . . .. ............. ................... ...... . 38 
3.4.3 Abrasive Wear Mechanism . ... .... .......................................... .40 
3.4.4 Tool Wear ........... .. ....... ...... ................... . .. ............ . .......... 41 
3.5 Conclusions ................................ ... . . .... .. ........... . .... .. . .. ..... ... ...... .. . 42 
3.6 References ....................................... . .... .. .................. . .......... .. ..... 43 
CHAPTER 4. GENERAL CONCLUSIONS . ... ............. .................... . ......... ... . . .. ... 62 
ACKNOWLEDGEMENTS ....... .. ...... . ...... . ........................ ....... ............. . ....... 65 
1 
CHAPTER 1 GENERAL INTRODUCTION 
1.1 Introduction 
Nanocrystalline A1MgB14 containing 0-70 wt.% TiB2 is a family of new super 
hard materials. The projected raw material cost of AlMgB14 is less than $700 per pound 
[Cook, et al.,2000] which makes these materials cost effective. This research presents 
investigations related to the mechanical properties, scratch resistance, belt abrasion, and 
cutting tool performance of these newly developed materials. The experimental techniques 
used in this work include microhardness measurement, indentation fracture toughness, 
scanning electron microscopy, energy dispersive spectroscopy, surface profilometry, 
toolmaker's microscopy, single-point lathe turning, and density measurement by Archimedes 
method. The objectives of this project included development of these materials, 
characterization in terms of the microstructure and mechanical properties, and evaluation for 
abrasion resistant and cutting tool applications. This research may lead to the use of these 
materials for applications where high hardness, good electrical conductivity, high chemical 
stability, low density, and high abrasion resistance are needed. 
1.2 Thesis Organization 
The thesis is presented in the form of two papers. Both papers follow the same 
format: an abstract, followed by an introduction, experimental procedure, results and 
discussion, and conclusion. References are given in the end followed by tables and figures. 
Following the second paper is the chapter giving general conclusions. 
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CHAPTER 2 MECHANICAL PROPERTIES AND SCRATCH TEST STUDIES OF 
NEW ULTRA-HARD ALUMINUM MAGNESIUM BORIDE MODIFIED BY 
TITANIUM DIBORIDE 
A paper submitted to Tribology International 
a Department of Mechanical Engineering, Iowa State University, Ames, IA 50011-3020, USA 
b Ames Laboratory of the U.S.D.O.E, Iowa State University, 221 Metals Development, Ames, IA 50011-3020, USA 
c Department of Materials Science and Engineering, Iowa State University, Ames, IA 50011-3020, USA 
2.1 Abstract 
Nanoscale composites of AlMgB14 with AlN, TiC or TiB2 were prepared by 
mechanical alloying in a vibratory mill, followed by compression molding at 1400°C. 
Determination of micro hardness and fracture toughness indicated that TiB2 was an effective 
addition for increasing both quantities. The optimum percent TiB2 addition corresponding to 
the highest hardness and fracture toughness was 60-70 wt.%. The abrasion resistance of 
AlMgB14 composites with varying amounts ofTiB2 has been studied using single-point 
diamond scratch tests with loads ranging from 20 to 70 N in 10 N increments. The scratch 
width, as measured by stylus profilometer, increased almost linearly with the applied load 
and decreased with increasing TiB2 proportion up to 70 wt.%. Furthermore, macroscopic 
abrasion resistance increased with both mean hardness and fracture toughness. Energy 
dispersive spectroscopy (EDS) revealed the presence of AhMg04 (spinel) and FeB40 7 in 
AlMgB 14. Cracks were observed on the surface of AlMgBw70 wt.% TiB2 when scratched 
under 70 N load, but there was no cracking in the absence of TiB2. 
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2.2 Introduction 
Abrasive wear is a serious problem in industry [1]. Many test methods for abrasive 
wear have been developed by ASTM, including the Gl 71 standard [2], which measures the 
scratch hardness of materials using a diamond stylus indenter. In this study, the abrasion 
resistance of super-hard boride materials was investigated using this approach. The economic 
benefits in view of the application potential of these materials in earth moving, mining, rock 
drilling and manufacturing industries are tremendous. The U.S. Department of Energy's 
Office of Industrial Technology estimated that the widespread implementation ofwear-
resistant, ultra-hard materials in these industries could save over 6 petajoule of energy per 
year [3]. 
Abrasion is a complex phenomenon affected by hardness, elastic modulus, yield 
strength, crystal structure, microstructure, and composition. The early work by Khrushchov 
and Babichev [ 4] on pure metals showed that abrasion rates were inversely proportional to 
hardness. With reference to microstructure, it has been shown that austenite and bainite of 
equal hardness are more abrasion-resistant than ferrite, pearlite, or martensite in steels. Zurn 
Gahr [ 5] studied the wear resistance of several alumina ceramics and concluded that wear 
resistance was dependent on their toughness. In their abrasion studies on a series of zirconia 
samples possessing constant hardness, Fischer et al. [6] found that abrasive wear decreased 
with the fourth power of toughness, although this fourth power law has not been found to 
apply to all materials in general. Mao et al. [7] studied the abrasion behavior of advanced 
Ah03-TiC-Co ceramics with varying proportions of the constituents. They found that the 
abrasion resistance depended mainly on the fracture toughness, while hardness had merely a 
secondary effect. 
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Other factors that affect abrasive wear are the type of abrasive and its characteristics, 
such as hardness, toughness, angularity, and size [8, 9], speed of contact, unit load of 
abrasive on the material, humidity, and temperature. The shape of the abrasive particle, 
together with the load, influences the shape of the groove produced in the material, and the 
transition from elastic to plastic contact. 
The mechanisms of abrasive wear have been proposed to be chipping [ 1 O], 
delamination [ 11], ploughing, flake formation, and the generation of powdery fragments. The 
mechanisms depend on contact stress [12, 13] and grain boundary microfracture 
characteristics of the material [14, 15]. In brittle materials, a transition in wear mechanism 
occurs with increasing load and/or particle size [16]. At low loads, or with small particles, 
fracture may be suppressed, and abrasive wear may occur by plastic processes. At higher 
loads or with larger particles, brittle fracture occurs leading to a much higher wear rate. Gee 
[17] reported that, in the case of hard metals, fracture occurred on a fine scale, but in 
ceramics, fracture occurred on a larger scale often removing large fragments of material. 
In this work, complex ternary borides of aluminum and magnesium, AlMgB 14, were 
synthesized with various second phase additions. These boride composites constitute a new 
class of light-weight, ultra-hard materials with interesting electronic, optical, and mechanical 
properties. Bairamashvili et al. [18] examined the thermoelectric properties ofborides 
prepared by hot pressing powders produced from the crystallization of aluminum melt 
solutions. They found that the compounds had high melting points (above 2000 °C), hardness 
as high as 30 GPa, and were relatively brittle. 
Diamond and cubic boron nitride (P-BN) are currently the only established bulk 
materials with hardness greater than 40 GPa. It has been found that AlMgB 14 prepared with 
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sub-micron sized second-phase additives results in composites possessing hardness values 
ranging from 30-46 GPa, depending on the size and distribution of the phases. Thus these 
materials may complement diamond and P-BN in applications where high hardness is 
needed. The boride composites may also offer a cost advantage over diamond and P-BN, if 
suitable large-scale manufacturing technologies are developed [19-24]. In the present study, 
AlMgB14 samples were synthesized with a number of second phase additions in order to 
evaluate their mechanical properties. The abrasion behavior of these newly processed 
materials is studied using the single-point diamond scratch test. 
2.3 Experimental Procedure 
2.3.1 Specimen Preparation 
Crystalline elemental powders were used to prepare the initial baseline alloy with a 
nominal composition of AlMgB14. The percent purity and the mean particle sizes of 
aluminum, magnesium, and boron precursor materials were 99.99, 99.99, and 99; and 2 mm, 
4 mm, and I 0 µm, respectively. Mechanical alloying was performed in a vibratory mill (Spex 
8000) for 12 hours, in which stainless steel balls were employed for milling. The vial was 
charged with a desired mass of the blended material, typically 3 to 5 grams, and sealed in a 
glove box in a purified helium atmosphere. The mechanically alloyed AlMgB14 powder was 
then mixed with AlN, TiC or TiB2 and milled for an additional 30 minutes. The second phase 
additions typically possessed a purity and particle size of 99.5% and 45 µm, respectively. 
Small quantities ( < l 00 mg) of the milled powder were removed periodically under high-
purity helium atmosphere and evaluated for phase constitution by X-ray diffraction using a 
Scintag powder diffractometer with Cu radiation. Powder produced by the comminution 
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process typically possessed an average particle size of less than 1 µm, as shown in Fig. 2.1 
Most of the observed particles are agglomerates consisting of much smaller particles. The 
milled powders were hot pressed in argon inert gas atmosphere for 60 minutes at a 
temperature of 1400 °C. At this temperature, any unreacted Al and Mg would have melted 
because their melting points are 660 °C and 650 °C, respectively; however unreacted B with a 
melting point of 2300 °C remained solid. The maximum pressure applied during molding was 
107 MPa. By this process, 2 mm thick disks of 12.5 mm diameter were obtained. These were 
ground and polished successively with 45, 9, 6, 3, 1, and 0.25 µm diamond pastes and 
lapping oil, and finished with 0.05 µm alumina. This sequence of polishing provided a 
surface roughness (Ra) of about 0.1 µm. 
2.3.2 Abrasion Scratch Studies 
Figure 2.2 shows schematic arrangement of the experimental set-up used for the 
single-point scratch test. The test equipment consists of a Rockwell "C" 120 ° spherocone 
diamond indenter with a 200 µm tip radius that was secured to the end of a vertical spindle 
which slid freely in a long bushing. The friction between the bushing and the spindle was 
minimized by lubricating the sliding surfaces with lithium grease. The measurements showed 
that the load on the top of the spindle was transferred to the specimen surface with an error of 
less than 8%. The bushing assembly was welded to a nut which traversed linearly as the 
screw rotated in place; this made the indenter traverse linearly as well. The screw was 
coupled to a motor shaft with a flexible coupling. Limiting switches were installed so as to 
set the indenter travel. Single-pass unidirectional scratches of~ 10 mm length were imposed 
on the 12.5 mm diameter samples mounted in resin. The indenter traverse speed was fixed at 
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4.2 mm/s, while the normal load was varied from 20 to 70 N in 10 N increments. The 
scratches were spaced 1 mm apart so as to minimize the effect of damage from adjoining 
scratches. The tests were done in laboratory air (23 °C and 40-50% relative humidity). 
Before a scratch test, it was ensured that the indenter tip was not damaged during 
prior scratching operation by examining under an optical microscope. After the scratch test, 
the specimen was rinsed with water, ethanol, and dried in air. In order to measure groove 
width, the scratch profile was recorded by a stylus profilometer to a resolution of 0.05 µm. 
The software routine calculated the surface roughness (Ra) and assigned the zero line of 
reference which was displayed on the computer screen. The width of the groove was 
measured with reference to the zero line. The distance between the points where zero line 
intersected the two sides of the groove was taken to be the width of the scratch, as illustrated 
in Fig. 2.3. The width of the each scratch was measured in at least three different locations. 
The mean scratch width is reported as an indicator of the abrasion resistance of the material. 
In order to examine the subsurface damage, selected specimens were coated with a 
thin layer of gold and then placed in a scanning electron microscope (SEM) for observation. 
2.3.3 Mechanical Properties 
Vickers hardness was determined using a load of 1 kgf and a dwell time of 15 s. Each 
hardness value reported is the average of at least ten measurements. Fracture toughness was 
calculated using the indentation technique described by Anstis et al. [25] with an indenting 
load of 1 kgf. A minimum of ten fracture toughness measurements were made for each 
material and the results averaged. Densities of the samples were measured using the 
Archimedes method. 
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2.4. Results and Discussion 
2.4.1 Microstructure and Mechanical Properties 
SEM and EDS were used to examine the microstructure of A1MgB14 hot pressed 
disks. Most of the phases were observed to be smaller than one micron, as seen in Fig. 2.4a. 
EDS showed that the brighter regions contained Al, Mg, and B, plus varying amounts of Fe 
and 0 (Figure. 2.4b), and are thus thought to contain AhMg04 (spinel) and FeB40 7 impurity 
phases. The latter was introduced from the abrasion of steel balls and vial during milling. 
AhMg04 was formed as a result of reaction of oxygen either dissolved in the constituents, 
present as an adsorbed gas, or in the voids between particles. The darker regions in Fig. 2.4a 
contained primarily Al, Mg, and Bas seen in Fig. 2.4c, and are thus thought to be 
predominately single-phase AlMgB14 (19]. The hardness of the single-phase AlMgB 14 
regions varied from 24.7 to 29.6 GPa depending upon the amount and distribution of 
AhMg04 impurity, which has a hardness of 15 GPa. The fracture toughness of AlMgB14 was 
approximately 2.97 MPavfn. 
Based upon the results of previous studies (20], which showed that additions of 
TiB2 to AlMgB 14 resulted in a significant increase in hardness, this and other compounds 
such as AlN and TiC were added to the baseline material in varying amounts, and the 
abrasion resistance of the resulting composite was determined. The hardness, fracture 
toughness, and density of these materials are listed in Table 2. AlN may serve as more of a 
sintering aid than a binder or second phase reinforcement. Refractory borides are generally 
difficult to sinter because of the presence of a surface layer of B20 3 (melts at 450°C) on each 
of the particles, which inhibits high activation energy for diffusion. When AlN is added, it 
reacts with B20 3 to form Ah03 + BN, thereby "cleaning up" the primary boride phase and 
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improving sinterability [26]. With the addition of AlN, the fracture toughness increased 
significantly especially with the 30 wt.% addition, but there was a considerable decrease in 
hardness. The reason for the increase in fracture toughness was improved bonding between 
the phases present in the material. The hardness decreased because the hardness of AlN was 
low. Thus AlN was not considered to be a suitable additive material for AlMgB14• In 
contrast, the hardness of TiC is much higher than that of AlN. With the addition of20 wt.% 
TiC, both the hardness and fracture toughness remained practically unchanged, but with 30 
wt.% TiC the fracture toughness decreased significantly along with a slight reduction in 
hardness. SEM revealed the presence of porosity in this material, which is an indication of 
poor sinterability between the particles. The porosity accounted for the decrease in fracture 
toughness of the material. Thus TiC was also not considered to be an effective additive 
material under the processing conditions employed in this study. 
The addition ofTiB2 in AlMgB14 matrix enhances sinterability and results in low 
oxygen content and other impurities, as seen from the comparison of EDS spectra in Figs. 2.4 
and 2.5 of AlMgB14 with and without TiB2, respectively. Fig. 2.5 shows dark regions 
corresponding to the AlMgB 14 phase with very little Fe impurity, and bright regions 
containing TiB2 phase with no impurity. It should be noted that with the addition ofTiB2, 
both the hardness and fracture toughness of the material increased, reaching a maximum in 
hardness at 70 wt.% (which is about 60 vol.%) TiB2. In this case, hardness increased from 
28.2 to 36.8 GPa and fracture toughness from 2.97 to 4.07 MPa.jn. The variation of hardness 
as a function ofTiB2 is shown in Fig. 2.6. This behavior is consistent with Veprek's 
hypothesis [ 19] which states that the hardness of a material can be modified by adding 
insoluble, nano-scale second phase particles. Very small phase sizes constrain dislocation 
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generation and propagation, and the closely-spaced phase boundaries inhibit formation of 
critical-size cracks for brittle fracture behavior. 
One of the reasons for the high fracture strength observed in many nanocrystalline 
materials is that the critical size of a micro-crack is larger than that of the matrix 
nanocrystals. To grow further, a crack would thus have to grow around the crystals. The 
addition of TiB2, which is slightly harder than AlMgB14, would retard the possibility of 
cracks propagating through TiB2• This decrease in crack mobility is believed to be 
responsible for the increase in fracture toughness of the nanocrystalline AlMgB14 material 
with TiB2 addition, as observed in our study. The hardness and fracture toughness of some 
representative high hardness materials are given in Table 1. The hardness of AlMgBw 70 
wt.% TiB2 is within 10-20% of that of P-BN and is much higher than that ofWC+Co or SiC. 
Since TiB2 proportion in the material with optimum properties is greater than that of 
AlMgB14, one could also consider it as an enhanced TiB2 material. It is noted that the 
hardness values observed in this study are somewhat lower than the 45 GPa range obtained in 
earlier studies of the AlMgB w TiB2 composites [ 19]. Additional grain size refinement and 
densification, beyond the level employed in this study, is required in order to increase the 
hardness of the composite into the P-BN range. 
2.4.2 Scratch Resistance 
Scratch tests were conducted in laboratory air with loads ranging from 20 to 70 N in 
10 N increments. Figure. 2. 7 shows the variation of scratch width with load for different TiB2 
proportions in AlMgB14. There are two observations that deserve to be noticed. Firstly, for 
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any material, the scratch width increases almost linearly with load. Secondly, for any load, 
the scratch width decreases with increasing TiB2 proportion up to 70 wt.%. For 80 wt.% 
TiB2, scratch width is observed to increase considerably. At this composition, both hardness 
and fracture toughness are seen to decrease. This behavior supports the generally accepted 
relationship that a decrease in hardness or fracture toughness leads to the loss of abrasion 
resistance. At low loads of20 and 30 N, microchips could be seen on the scratched surface 
but the critical depth for chip formation was barely reached, as elastic recovery was able to 
overcome plastic deformation in the grooved track. 
Figure 2.8 presents the comparison of scratch resistance of AlMgB14-70 wt.% TiB2 
with the reference materials listed in Table 1. The boride material is considerably superior in 
scratch resistance to all the materials except P-BN. 
2.4.3 Surface Examination 
Figure 2.9 shows the buildup of damage at different magnifications in AlMgB 14-30 
wt.% TiB2 for 20 and 70 N loads, which corresponds to the low and high ends of the loading. 
The left side shows surface features for 20 N load and the right side for 70N load. At a load 
of 20 N, deformation is occurring at surface asperity peaks, and elsewhere the contact is 
merely superficial, as seen in Figs. 2.9( a) and (b ). There is local yielding occurring because 
of a hydrostatic stress state at the indenter tip, even at such light loading. At 70 N, a well-
defined groove of about 150µm width is formed (Fig. 2.9(d)). The groove boundaries are 
sharp and plastic deformation is noticed on the entire surface (Figure. 2.9(e)). In the high 
magnification micrograph of Fig. 2.9(f), cracking in the location marked by arrows is seen. 
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Figure 2.10 shows deformation on the grooved surface of AlMgB14 sample with 0 and 
70 wt.% TiB2 scratched in air. Basically plastic deformation along with fragmented material 
is seen on the grooved surface of AlMgB14 sample with 0 wt.% TiB2. Contrary to this, 
profuse cracking occurs on the scratched surface of AlMgBw70 wt.% TiB2 . This is due to 
the presence of brittle phase. Thus, whereas the presence of TiB2 in AlMgB14 makes it more 
resistant to scratching, it also makes the material prone to cracking at high loads. Figure 2.11 
shows surface damage at two magnifications for 13-BN scratched in air. Here plastic 
deformation occurs similar to that observed for AlMgB14 but here is no indication of 
cracking. Thus 13-BN is superior to AlMgB14-70 wt.% TiB2 both in scratch resistance and 
surface damage by cracking. 
2.5. Conclusions 
1. Of three second phase additives: AlN, TiC and TiB2 used in synthesizing AlMgB14 
composites, TiB2 was most effective in improving the mean hardness and fracture 
toughness. 
2. With the addition ofTiB2 60-70 wt.%, both the hardness and fracture toughness of the 
material increased significantly. The hardness increased from 28.2 GPa in the single 
phase alloy to 36.8 GPa in the composite. Moreover, the fracture toughness was seen 
to increase from 2.97 to 4.07 MPa..Jn. With 80 wt.% TiB2, both hardness and fracture 
toughness decreased. 
3. The scratch width decreased with increasing TiB2 proportion up to 70 wt.%. For 80 
wt.% TiB2, the scratch width increased considerably. 
4. Scratch width increased almost linearly with load for all the materials tested. 
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5. The abrasion resistance increased with the increase in hardness and/or fracture 
toughness. 
6. The scratch resistance of AlMgBw70 wt.% TiB2 was greater than that ofWC+Co 
and SiC but lower than that of P-BN. 
7. At the small loads of 20 and 30 N, the deformation in all AlMgB14 samples with TiB2 
occurred only at surface asperity peaks. At the high load of 70 N, a groove with sharp 
boundary was formed, and plastic deformation was noticed on the entire surface 
along with some cracks. 
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Table 2.1 Hardness and fracture toughness of additive materials and some reference 
materials. 
Material Hardness (GPa) Fracture Toughness (MPavfu) 
TiB2 28 - 35 3.2-3.6 
TiC 28 - 32 3.1 - 5.0 
AIN 10 - 12 2.2 - 2.6 
SiC 22 - 25 2.5 - 2.9 
WC+Co 18 - 20 8.5 - 10.5 
J3-BN 45 - 50 6.0 - 7.5 
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Table 2.2 Variation in selected mechanical properties of AlMgB14 composites with 
varying proportions of AlN, TiC and TiB2 . 
Wt.% of Mean Fracture Density Additive Additive Hardness Toughness (g/cm3) (GPa) (MP a.Jn) 
0 28.2 3.0 ± 0.19 2.71 
AIN 20 17.2 3.5 ± 0.25 2.74 
30 08.2 8.5 ± 1.27 2.82 
0 28.2 3.0 ± 0.19 2.71 
TiC 20 28.l 3.0 ± 0.19 3.93 
30 26.6 2.1±0.20 3.51 
0 28.2 3.0 ± 0.19 2.71 
10 29.8 3.1±0.12 3.00 
20 31.1 3.3 ± 0.18 3.07 
30 33.0 3.7 ± 0.20 3.22 
40 33.6 3.8 ± 0.12 3.45 
TiB2 
50 34.5 3.9 ± 0.19 3.52 
60 36.2 4.2 ± 0.25 3.66 
70 36.8 4.1±0.21 3.82 
80 35.8 3.4±0.17 4.03 
100 33.6 3.3 ± 0.06 4.36 
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Figure 2.1 SEM micrograph of A1MgB14 mechanically alloyed powder showing sub-micron 
grain size and homogeneous blending. 
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Figure 2.2 Schematic arrangement of the experimental setup for single-point scratch test. 
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Figure 2.3 Schematic record of a surface profile with scratch by profilometer. 
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Figure 2.4 (a) Microstructure of AlMgB14 containing Fe, 0, and C impurities (SEM - BSE 
mode). (b) EDS spectrum from the location labeled "1" on the micrograph in Fig. 4(a). Fe 
and 0 contents vary widely from one spot to the next in this material. This location contained 
an enriched Fe content as well as 0 and C impurities. Since light elements are not detected as 
efficiently by energy dispersive spectroscopy (EDS) as are the heavier elements, B, C, and 0 
peak heights are not a reliable quantitative indication of their relative concentrations in the 
material. ( c) EDS spectrum from the location labeled "2" on the micrograph in Fig. 4a. This 
location contained relatively low Fe content. 
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Figure 2.5 (a) Microstructure of AlMgB14-70 wt.% TiB2 where dark regions represent 
AlMgB14 and bright regions TiB2. (b) EDS spectrum from the location labeled "1" on the 
micrograph in Fig. 5(a). This dark region contained AlMgB14 phase with very little Fe 
impurity. (c) EDS spectrum from the location labeled "2" on the micrograph in Fig. Sa. This 
bright region contained TiB2 phase with no impurity. 
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Figure 2.7 Variation of scratch width with load for AlMgB14 with different TiB2 proportions 
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Figure 2.8 Comparison of scratch resistance of AlMgB14-70 wt.% TiB2 with reference 
materials listed in Table 2. 
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Figure 2.9 Scanning electron micrographs showing deformation and other surface features at 
different magnifications in AlMgBw30 wt.% TiB2 scratched under 20 and 70 N loads. The 
left column corresponds to 20 N load and the right column to 70 N load. 
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Figure 2.10 SEM micrographs showing the subsurface of A1MgB14 at 70N load in air (a) with 
0 wt.% TiB2, (b) with 70 wt.% TiB2. 
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Figure 2.11 SEM micrograph showing the surface of ~-BN scratched at 70 N load in air. 
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3.1 Abstract 
AlMgB14 with 0, 30, and 70 wt.% of TiB2 were prepared by mechanical alloying and 
consolidated by hot pressing in argon atmosphere at a temperature of 1400°C and 107 MPa 
pressure. The belt abrasion resistance and cutting tool performance of AlMgB14 composites 
with TiB2 were studied. For comparison, similar studies were also made on WC-Co and P-
BN materials. In belt abrasion studies, the belt speed was varied in increments from 0.42 to 
1.67 mis and load on 9 mm x 3 mm surface from 5 to 25 N. Cutting tool wear studies on Ti-
6Al-4V cylinders were performed in accordance with the ISO 3685-1977 International 
Standard. The abrasive wear loss of material was measured gravimetrically in all the tests. It 
was found that AlMgB14 composite with 70 wt.% TiB2 addition had the highest abrasion 
resistance and it was comparable to that of P-BN. The mechanism of abrasion for this 
material was microfragmentation at high loads as opposed to scratching at low loads. Cutting 
tool performance studies indicated minimum nose wear for AlMgB14 - 70 wt.% TiB2 tool 
with very little crater wear. In terms of the total wear of the tool materials in cutting, this 
material also had the lowest wear. The adhesion ofTi-6Al-4V work-piece material with 
AlMgB14 - 70 wt.% TiB2 tool material in cutting, as revealed by energy dispersive 
spectroscopy, was also the lowest. 
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3.2 Introduction 
Ultra-hard materials are commonly used for abrasion-resistant applications and 
cutting tools. Such materials are needed in many applications such as earth moving, mining, 
rock drilling etc. where they come in sliding contact with abrasive materials. In contrast to 
this, abrasion is also important commercially in processes such as grinding, lapping and 
polishing that are used for shaping materials to conform to precise dimensions or to achieve 
smooth surface finish. Since super hard materials cannot be machined by a conventional 
single-point cutting process, abrasive machining is the only feasible process to finish these 
materials. 
In view of the commercial significance of abrasion, many researchers have tried to 
study the mechanisms involved in abrasion. Others have studied these with the objective of 
increasing material removal rates in abrasive machining of hard materials. The problem with 
enhancing the material removal rates is the surface and subsurface damage that occurs and is 
detrimental to mechanical properties. In their studies on hard ceramic materials, Wang and 
Ren [1] concluded that the major surface damage patterns due to grinding are microplastic 
deformation trace, fracture chipping pits, microcracks, and fragmentation in the loosened 
region of the material. At low loads or with small particles, fracture may be suppressed and 
abrasive wear may occur by plastic deformation processes. At higher loads or with larger 
particles, brittle :fracture occurs leading to a much higher wear rate. According to Gee [2] , 
fracture of hard metals occurs on a fine scale and fracture of ceramics occurs on a large scale 
often removing large fragments of material. Malkin and Ritter [3] studied the mechanisms of 
grinding of ceramics. They concluded that at low loads material removal occurred by plastic 
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deformation and at higher loads by fracture. In the latter case, the finished surface was highly 
fragmented and the strength after grinding was lower. 
As for the effect of abrasive machining, the strength of ceramics decreases due to the 
increase in the subsurface damage caused by grinding and abrasive machining [3, 4]. Though 
the surface after machining often appears smooth, cracks have been detected below the 
surface [5]. This damage has been attributed to the pileup ofresidual stresses from 
mechanical and thermal effects. Johnson-Walls and Evans [ 6] studied the residual stresses in 
ceramics and concluded that the intensity of stresses increased with material hardness and 
was also influenced by other material properties such as fracture toughness and the modulus 
of elasticity. 
It has been pointed out that fracture toughness and hardness are the most important 
mechanical properties affecting the abrasion of brittle materials. Gahr [7] and Mao [8] 
studied the abrasion wear resistance of several alumina ceramics and concluded that wear 
resistance was governed primarily by the toughness of materials. The early work by 
Khrushchov and Babichev [9] on pure metals showed that abrasion rates were inversely 
proportional to their hardness. They also reported that abrasion was affected by several other 
material parameters such as elastic modulus, yield strength, crystal structure, microstructure, 
and composition. 
The other factors that affect abrasion are the type of abrasive material and its 
characteristics, speed of contact, unit load of abrasive on the material, humidity, and 
temperature. In the case of abrasive, its hardness, toughness, angularity, and size are the 
important parameters [10, 11]. The shape of abrasive particles together with load influences 
the shape of the grooves produced in the material and transition from elastic-to-plastic 
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contact. In belt abrasion, coolant is important for enhanced belt life, increased material 
removal, and reduced surface damage. 
Advanced cutting tools need to be tough and hard at elevated temperatures as 
encountered in cutting. Hardness is needed to resist localized plastic deformation and wear 
while toughness is needed to prevent chipping. Sintered carbide (WC-Co) which is mostly 
WC with Co as binder, is an excellent tool material because of its high hardness and high 
toughness. P-BN (cubic boron nitride) is the hardest material next to diamond. It has very 
high wear resistance but is brittle and so is prone to chipping. It is chemically inert to iron 
and nickel and so particularly suitable for cutting hardened ferrous and high temperature 
alloys. 
In this work, compositions of AlMgB14 modified by TiB2 which presumably acted as 
binder were studied for abrasion-resistant and cutting tool applications. These materials had 
hardness comparable to that ofTiB2 at the lower end and P-BN at the higher end (12], and 
have a moderate toughness of 3 - 4 MPavfu. Cutting experiments were performed on Ti-6Al-
4V which is a difficult material to machine. This material is used in aerospace, marine, power 
generation and offshore industries because of its high strength, low density, low modulus, 
and excellent resistance to corrosion and oxidation. The machining of this alloy poses 
problems because of its poor thermal conductivity and high reactivity with almost every 
cutting tool material. The projected cost of manufacture of boride materials is about 10% of 
P-BN, which makes the former particularly attractive for potential commercial applications. 
In our earlier work (12], single-point scratch tests were performed on AlMgB14 materials 
modified by varying percentages ofTiB2 and it was concluded that 70 wt.% TiB2 proportion 
was most effective in improving the hardness, fracture toughness and scratch resistance. As 
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an extension of the above work, the performance of AlMgB14 with 0, 30 and 70 wt.% TiB2 
additions is studied here for abrasion-resistant applications and cutting tool materials and 
compared with commercial WC-Co and 13-BN which are the top contenders. 
3.3 Experimental Procedure 
3.3.1 Materials and Specimen Preparation 
The specimens of AlMgB14 with three proportions (0, 30, and 70 wt.%) ofTiB2 were 
prepared from high purity precursor material powders of Al, Mg, B and TiB2• Mechanical 
alloying of these elements was done in a spex mill. The milled powder was hot pressed in 
argon atmosphere and in BN-coated graphite dies for 60 minutes at a temperature of 1400°C 
and 107 MPa pressure. By this process, 3 mm thick disks of 12.5 mm diameter were 
obtained. These disks were machined on a side of the periphery using a diamond abrasive 
wheel to provide a flat rectangular surface of 9 mm x 3 mm dimensions. The flat edge of the 
disk was polished successively with 45, 9, 6, 3, 1, and 0.25 µm diamond pastes and lapping 
oil, and finished with 0.05 µm alumina. This sequence of polishing provided a surface 
roughness (Ra) of about 0.1 µm. The polished surface was used for mechanical property 
measurements and belt abrasion tests. 
3.3.2 Mechanical properties 
Vickers hardness was determined using a load of 1 kg force in Wilson-Tukon model 
200 hardness tester equipped with CCD image enhancement capability. Each hardness value 
reported is the average of at least ten measurements. Fracture toughness was measured by 
making an indentation on the polished material surface with a Vickers diamond indenter 
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under 1 kgf load. The toughness was determined using the equation given by Anstis et al. 
[14]. A minimum often fracture toughness measurements were made for each material and 
the results averaged. Densities of the samples were measured using the Archimedes method. 
3.3.3 Abrasion Tests 
The experimental set-up for abrasion test consisted of a diamond abrasive belt 
mounted on two rollers which were driven by a variable speed motor, as shown in Fig. 3.2. A 
fixture to load the specimen on the rotating belt surface was designed and fabricated. The 
specimen was secured to a spindle which was constrained by a bushing but was free to move 
vertically. The friction between the spindle and bushing was negligibly small as the sliding 
surfaces were lubricated with lithium grease. This ensured that the load on top of the spindle 
was transferred to the specimen contact surface with a minimal loss of about 1 %. In order to 
avoid clogging of abrasive belt with cutting particles, which would reduce the abrasion 
efficiency, the whole set-up was positioned in a container filled with water which served both 
as a lubricant and a coolant. 
In the abrasion test, the polished flat surface of 9 mm x 3 mm dimension of the 
specimen rested on a 400-grit diamond abrasive belt with 9mm length oriented in the 
direction of motion of the belt. Each test was run for 2 mins. In one series of experiments, the 
tests were conducted for a combination of 5 different surface speeds (0.42, 0.65, 1.1, 1.44, 
and 1.67 mis) and 3 different loads (5, 10, and 20 N). In another series of experiments, the 
surface speed was held constant at 1.10 mis, and the loads used were 15 and 25 N. The latter 
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in conjunction with the earlier tests provided the abrasion data for 5 loads at a speed of 1.10 
mis. For each test condition, three repeat tests were run. 
Before and after each abrasion test, the specimen was rinsed with water and ethanol, 
and dried in air. It was weighed in a precision balance to an accuracy of 1o- 5 g in order to 
determine the loss of material during the abrasion test. The surfaces of some abraded 
specimens were examined by scanning electron microscopy (SEM), after coating with a thin 
layer of gold, in order to study the surface damage and abrasion wear mechanisms. 
3.3.4 Machining Tests 
AlMgB14 - 70 wt.% TiB2 was evaluated for its performance as a turning tool material. 
For comparison, machining tests were also done with WC-Co and ~-BN tool materials. The 
work-piece material used for this study was Ti-6Al-4V alloy which had a hardness of 349 
Hv. Figure 3.1 shows the geometry of tool insert used in the turning test. The tool insert had 
the side and end relief angles of 7° and was used without a chip breaker. It was glued using 
epoxy to a tool holder and clamped to ensure that the tool was held rigidly during the turning 
operation. The cutting conditions used were the depth of cut of 0.5 mm, the feed rate of 
0.25 mm/rev, and cutting speed of 25 m/min. Turning operation was performed on 38 mm 
diameter rod ofTi-6Al-4V under dry condition. The experimental parameters used here are 
in accordance with ISO 3685-1977, which is the International Standard for 'Tool-life Testing 
for Single Point Turning Tools'. Tool wear for one pass over a length of 200 mm was 
measured to a resolution of 1 µm using a Toolmaker' s microscope. Worn cutting tools were 
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also examined by scanning electron microscopy (SEM) and EDS was performed to study the 
reactivity between the tool and work-piece materials. 
3.4 Results and Discussion 
3.4.1 Microstructure and Mechanical Properties 
The microstructure and mechanical properties of AlMgB14 with and without TiB2 
were reported in our earlier work [12]. Figure. 3.3(a) gives the microstructure of AlMgB14 -
30 wt.% TiB2 which shows three phases corresponding to AlMgB14, TiB2, and some 
impurity. These phases are marked 1, 2 and 3, respectively. Decreasing the proportion of 
TiB2 in AlMgB14 increases the formation of A1iMg04 (spinel) and FeB40 7 impurity phases. 
Conversely, when TiB2 content is increased to 70 wt.%, the microstructure looks dense with 
diminutive amounts of impurity, as seen in Fig. 3.3(b). The addition ofTiB2 upto 70 wt.% in 
the AlMgB 14 matrix enhances sinterability and results in low oxygen content and other 
impurities [12]. With the increase of TiB2 in AlMgB14, both the hardness and fracture 
toughriess of the material are increased (Table 1). The improvement in properties occurs 
because of the presence of insoluble, nano-scale second phase particles ofTiB2 [12] . The 
latter are thought to constrain dislocation generation and propagation, and the closely-spaced 
phase boundaries inhibit formation of critical-size cracks that would result in brittle fracture 
behavior. The particles of second phase TiB2, which is comparable to AlMgB 14, retard crack 
propagation. The decrease in crack mobility is responsible for the increase in fracture 
toughness. The presence of brittle phase TiB2 in AlMgB14 makes it more resistant to 
scratching as reported earlier [12]. 
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Table 1 gives the hardness, fracture toughness and density values of the boride 
materials along with those of the WC-Co and P-BN materials that were used for comparison. 
It should be noted that the hardness, fracture toughness and density increase with increasing 
proportions ofTiB2• The hardness of AlMgB14 - 70 wt.% TiB2 is about twice that of WC-Co 
and is close to that of P-BN, which is the hardest material next to diamond. Thus in situations 
governed by hardness, this boride composition would be expected to be a close competitor to 
P-BN. The fracture toughness of this boride composition is about half of that of WC-Co and 
about two-thirds that of P-BN. The densities of the materials listed in Table 1 are on the low 
side of the spectrum of densities for most common materials. Thus, the AlMgB 14 - TiB2 
materials are suitable for use in applications where low weight along with high hardness and 
moderate toughness considerations are involved. 
3.4.2 Belt Abrasion 
Figures 3.4 and 3.5 show the variation in wear rate as a function of sliding speed and 
loads for AlMgB 14 - TiB2 with 0, 30, and 70 wt.% TiB2 proportions. Included in this figure 
are also the corresponding plots for WC-Co and P-BN which were used as the reference 
materials in this study. It should be noted that wear rate decreases with increase in belt speed 
for any given load. With the increase in the belt speed from 0.42 to 0.65 mis (A to B), there is 
a large decrease in wear rate for some materials but later from B to C the decrease occurs 
gradually for all the materials. At A the belt speed is fairly slow and so the heating effect at 
the interface is negligible. Thus cutting action by the abrasive particles is quite efficient 
resulting in high wear rate. With the increase in speed to 0.65 mis corresponding to B, the 
temperature rise at the interface becomes significant so that the abrasive particles do more 
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plowing and gouging than cutting. This is shown in Fig. 3.6 which shows abrasion features 
for these two conditions. As the speed is increased from B to C, there is continuing 
temperature rise at the cutting interface so that the efficiency of abrasive action decreases. 
Thus, wear rate continues to decrease from B to C. The AlMgB14 materials with 30 and 70 
wt.% TiB2 along with P-BN exhibit higher abrasion resistance than the other two materials. 
This is because of their higher hardness (Table 1) which offers more resistance to indentation 
under load. Apart from the difference in hardness, the large difference between the wear rates 
ofboride materials with and without boride is because of the TiB2 phase which is harder than 
AlMgB14• The wear rate of WC-Co is the highest because its hardness is the lowest of all the 
materials. 
Figure 3.5 has been plotted to show the effect ofload on wear rate for a sliding speed 
of 1.1 mis. It should be noted that wear rate increases continuously with the increase in the 
load for any material. The rate of increase in wear rate is the greatest for WC-Co which has 
the lowest hardness. For the next harder material, which is AlMgB14, the wear rate is much 
lower. This indicates that wear rate is dependent upon the embedment depth of abrasive 
particles into the material surface. This is further supported by the observations that wear rate 
increases continuously with the increase in load. 
Figure 3.7 shows the plot of wear rate as a function of hardness. It is noted that when 
this material reaches an optimum hardness (>29 GPa), the effect of hardness on wear rate is 
negligibly small. This is the level at which fracture toughness becomes the dominant factor in 
determining wear rate, as discussed in the next section. 
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3.4.3 Abrasive Wear Mechanism 
Figure 3.8 provides a comparison of the surface features at high magnification surface 
of AlMgB14 - 30 wt.% TiB2, when abraded at two different combinations ofloads and 
speeds. In Fig. 3.8(a), which corresponds to low load and low speed, no evidence of any kind 
of surface damage is seen, and the abraded surface looks smooth and uniform. Figure 3.8(b) 
shows the surface abraded at higher load and higher speed. In addition to plowing, as 
evidenced by a groove at the top, it exhibits micro fragmentation of material. It appears that 
microcracks initiate at discrete asperity locations due to stress reversal under the action of 
load and moving abrasive particle and these cracks propagate under repeated loading whereas 
cracking can be seen at many locations in Fig. 3.8(b), there is a large area affected by intense 
cracking. Similar microfragmentation was observed on the abraded surface of AlMgB14 - 70 
wt.% TiB2 as well, as shown in Fig. 3.9(b) the cracks appear to be mostly intergranular. 
Because of the very high hardness of the material, the grooving features are so shallow that 
they are almost absent and the abrasive wear is essentially being contributed by 
microfragmentation. Because of this wear mechanism, the material loss from abrasive wear is 
very small. 
Figure 3.9(a) shows the features on the surface of P-BN abraded at 20 N load and 
1.67 mis belt speed. Contrary to the earlier case, there is no indication of microfracture on the 
surface. This is so because the fracture toughness of this material is much higher than that of 
TiB2 - modified AlMgB14. There is some indication of plastic deformation, which was not 
observed on the abraded surface ofboride materials. These two factors account for a very 
low wear rate in the abrasion of this material. It should be noted that the abrasion wear rates 
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of AlMgB14 - 70 wt.% TiB2 and P-BN for all the tests conditions are practically the same but 
the wear mechanisms in the two cases are entirely different. 
3.4.4 Tool Wear 
In evaluating the effectiveness of AlMgB14 - 70 wt.% TiB2 for cutting tools, attention 
was paid to crater wear, flank wear, nose wear, and the reaction of the tool material with the 
work-piece material. The material selected for work-piece was Ti-6Al-4V which is a difficult 
material to machine. The reason for its poor machinability is its low thermal conductivity and 
high hardness at elevated temperatures. These characteristics contribute to very high 
temperatures at the tool-workpiece/chip interface, which results in increased tool damage 
even at low cutting speeds and low feeds and depths of cut. The material is also highly 
reactive at temperatures above 425 °C which causes difficulty in machining. 
Figure 3.10 shows electron micrographs of the craters of the tool materials, WC-Co, 
P-BN, and AlMgB14 - 70 wt.% TiB2 for the machining conditions described in the 
experimental section. In the case of the WC-Co tool, the nose, which initially had an 8mm 
radius circular profile, is worn out considerably, as seen by the irregularity of the outer 
boundary. The crater wear is negligible and EDS shows adhesion between the Ti-alloy and 
the tool surface. Crater wear in the case of P-BN tool is excessive, and the nose is also worn 
out excessively. Adhesion of the work-piece material with the tool material is also obvious. 
In the case of AlMgB14 - 70 wt.% TiB2 tool, both the nose and crater wear are negligible. 
Adhesion of work-piece material with the tool material is observed but is lower than in the 
case of the other two materials. Figure 11 is included to provide a direct comparison of nose 
wear for the tool materials reported in the study. 
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In order to provide a measure of the total tool wear, which includes flank wear also 
along with nose and crater wears, tool material loss was determined by weighing the tools 
before and after machining. This is reported in Table 2. These observations rank AlMgB14 -
70 wt.% TiB2, WC-Co and P-BN in the order of decreasing wear resistance. In other words, 
the boride alloy is better than the other two tool materials in terms of tool wear as well as the 
adhesion characteristics in respect of machining ofTi-6Al-4V alloy. 
3.5 Conclusions 
From the belt abrasion and cutting tool performance studies on AlMgB14 with TiB2, 
WC-Co and P-BN materials, the following conclusions were drawn: 
1. The microstructure of sintered AlMgB14 with TiB2 consisted of the distinct phases of 
AlMgB14 and TiB2 and some impurity elements. 
2. The hardness of AlMgB14 - 70 wt.% TiB2 was higher than that of AlMgB14 - 30 wt.% 
TiB2 and WC-Co, and was only slightly lower than that of P-BN. The fracture toughness 
of AlMgB14 - 70 wt.% TiB2 was about half of that of 13-BN. 
3. Abrasive wear rate decreased continuously with increasing belt speed for all the materials 
tested. 
4. Abrasive wear rate increased continuously with increasing load for all the materials. 
5. The abrasive wear resistance of AlMgB14 materials increased with addition ofTiB2, and 
the higher the proportion of TiB2, the higher was the abrasive wear resistance. 
6. The abrasion resistance of AlMgB 14 - 70 wt.% TiB2 was comparable to that of P-BN but 
much greater than that of WC-Co. 
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7. Abrasive wear rate decreased considerably with the increase in hardness from about 20-
32 GPa but did not change significantly with higher hardness values. 
8. At low loads, the mechanism of abrasion was grooving or scratching. At higher loads, 
abrasion occurred by microcracking at discrete locations resulting in microfragmentation. 
The latter was not observed on the abraded surface of P-BN which exhibited some plastic 
deformation. 
9. The tool wear studies with AlMgB14 - 70 wt.% TiB2, WC-Co and P-BN as the tool 
materials and Ti-6Al-4V as the work-piece materials showed minimum nose wear in the 
case of AlMgB14 - 70 wt.% TiB2 and maximum in P-BN. The crater wear was excessive 
for P-BN and negligibly small in the case of the other two materials. On an overall basis, 
the tool wear of AlMgB14 - 70 wt.% TiB2 was the lowest. 
10. The adhesion of the work-piece material with the tool material was lower in the case of 
AlMgB 14 - 70 wt.% TiB2 than in WC-Co or P-BN. 
3.6 References 
[1] X. Wang, J. Ren, Ground surface damage of structure ceramics, J. Chin. Ceram. Soc. 25 
(1)(1997) 101- 105. 
[2] M.G. Gee, Low load multiple scratch tests of ceramics and hard metals, Wear, Vol. 250, 
2001, pp. 264-281. 
[3] S. Malkin, J.E. Ritter, Grinding mechanisms and strength degradation for ceramics, J. 
Eng. Ind., ASME Trans. 111(1989)167- 174. 
[4] T.J. Strakna, S. Jahanmir, R.I. Allor, K.V. Kumar, Influence of grinding direction on 
fracture strength of silicon nitride, J. Eng. Mater. Tech., ASME Trans. 118 (1996) 335-342. 
44 
[5] H.H.K. Xu, L. Wei, S. Jahanmir, Grinding force and microcrack density in abrasive 
machining of silicon nitride, J. Mater. Res. 10 (12) (1995) 3204-3209. 
[6] D. Johnson-Walls, A.G. Evans, Residual stresses in machined ceramic surfaces, J. Am. 
Ceram. Soc. 69 (1986) 44-47. 
[7] K.H.Z. Gahr, Microstructure and Wear of Materials, Elsevier, Amsterdam, 1987, pp. 180-
181. 
[8] Mao, D.S (Zhejiang Univ); Li, J.; Guo, S.Y., Study of abrasion behavior of an advanced 
Alz03-TiC-Co ceramic, Wear, v 209, n 1-2, Aug, 1997, p 153-159. 
[9] Khrushchov MM, Babichev MA. Friction and Wear in Machinery. 1958;12:1-13. 
[ 1 O] Nathan GK, Jones WJD. Proceed. Instn. of Mechanical Engineers. 1966-67; 181 :215-
221. 
[11] Avery HS. The Measurement of Wear Resistance. Case Report 340-10, Dept. Report 9-
AE-134, American Brake shoe Company, 1961. 
[12] A. Ahmed, S. Bahadur, B. A. Cook, J. Peters, "Mechanical properties and scratch test 
studies of new ultra-hard AlMgB14 modified by TiB2" J.Tribology International (In process) 
[13] V. Bedekar, D. G. Bhat, S. A. Batzer, "Thermodynamic, tribological and chemical 
interdiffusion study of ultra-hard ceramic AlMgB14 in the machining of aerospace alloys" 
proceedings oflMECE, washington, D.C., November 16-21, 2003. 
[14] Anstis GR, Chantikul P, Lawn BR, Marshall DB., A critical evaluation of indentation 
techniques for measuring fracture toughness: I, direct crack measurement, J. Am. Ceram. 
Soc. 1981;64:533-538. 
[15] A.R. Zareena, High-speed machining of titanium alloys, Master thesis, National 
University of Singapore, 2002, pp. 49- 79. 
45 
Table 3 .1 Hardness, fracture toughness, and density of the materials used in this study 
Mean Fracture Density Material Hardness Toughness (g/cm3) (GPa) (MP a.Jn) 
AlMgB14 - 0 wt.% TiB2 26-30 3.0±0.19 2.71 
AlMgB14 - 30 wt.% TiB2 31 - 35 3.7 ± 0.20 3.22 
AlMgB14 - 70 wt. % TiB2 36 - 40 4.1±0.21 3.82 
WC-Co 18 - 20 9.0 ± 1.0 3.79 
~-BN 45 - 50 7.9 ± 0.75 3.42 
Table 3.2 Tool material loss during cutting tool test 
Material Volume loss, mm3 
WC-Co 6.85 
~-BN 8.95 
AlMgB14 - 70 wt. % TiB2 1.44 
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0.8 mm radius 
3mm 
Tool Signature Dimensions Abbreviation 
0 Back rake angle BR 
0 Side rake angle SR 
7 End relief angle ER 
15 End clearance angle ... 
7 Side relief angle SRF 
15 Side clearance angle . . . 
30 End cutting edge angle ECEA 
30 Side cutting edge angle SCEA 
0.8mm Nose radius NR 
Figure 3.1 Geometry of the tool used for turning operation. 
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Figure 3.2 Schematic arrangement of the experimental setup for belt abrasion test. 
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Figure 3.3 Microstructure of(a) AlMgB14- 30 wt.% TiB2 and (b) AlMgB14- 70 wt.% TiB2 
where dark regions represent AlMgB14, bright regions TiB2, and tiny extra-bright regions as 
impurity. 
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Figure 3.4 Variation in wear rate with belt speed for A1MgB 14 with different TiB2 
proportions and the reference materials when specimens were loaded with (a) 5 N, (b) 10 N, 
and ( c) 20 N loads on their 9 mm x 3 mm surface. 
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Figure 3.5 Variation in wear rate with load for AlMgB 14 with different TiB2 proportions and 
the reference materials at a belt speed of 1.1 mis. 
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Figure 3.6 Scanning electron micrographs showing surface features of the baseline AlMgB 14 
material after running at a belt speed of (a) 0.42 mis and (b) 0.67 mis with a constant load of 
SN. 
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Figure 3. 7 Wear rate as a function of hardness at varying loads and constant belt speed of 1.1 
mis belt speed. 
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5 N load and 0.42 mis belt speed 
20 N load and 1.67 mis belt speed 
Figure 3.8 Scanning electron micro graphs of the surface features on the groove surface in 
AlMgB 14 - 30 wt.% TiB2 for two speed and load combinations: (a) 5 N load and 0.42 mis belt 
speed and (b) 20 N load and 1.67 mis belt speed. 
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Figure 3.9 SEM micro graphs of 20 N load and 1.67 mis belt speed for (a) ~-BN, and (c) 
AlMgB14 - 70 wt.% TiB2. 
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Figure 3.10 Micrographs of nose and crater wears and EDS spectra from the locations 
marked by arrows for the tools of materials (a) WC-Co, (b) ~-BN, and (c) AlMgB14 - 70 
wt.% TiB2, retrieved after machining. 
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~------
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WC-Co 
Figure 3.11 Direct comparison of the nose wear of different tool materials (WC-Co, P- BN, 
and AlMgB14 - 70 wt.% TiB2) observed after the machining test. 
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CHAPTER 4 GENERAL CONCLUSION 
The objective of this exploratory research was to synthesize AlMgB14 and modify the 
grain structure and mechanical properties, including hardness and fracture toughness by sub-
micron size TiB2 addition in order to maintain excellent abrasion resistance and to test 
AlMgB14 as a cutting tool material. 
The following results were drawn from single point scratch tests, and abrasive 
machining and cutting tool wear tests when performed on AlMgB14 with TiB2 addition and 
on some standard hard materials that are commercially available: 
1. Three second phase additives: AlN, TiC and TiB2 were used in synthesizing AlMgB14 
composites. TiB2 was most effective in improving the mean hardness and fracture 
toughness. 
2. With the addition of 60-70 wt.% TiB2, both the hardness and fracture toughness of the 
material increased significantly. The hardness increased from 28.2 GPa in the single 
phase alloy to 36.8 GPa in the composite. Moreover, the fracture toughness was seen 
to increase from 2.97 to 4.07 MPavfn. With 80 wt.% TiB2, both hardness and fracture 
toughness decreased. 
3. The scratch width decreased with increasing TiB2 proportion up to 70 wt.%. For 80 
wt.% TiB2, the scratch width increased considerably. 
4. The scratch resistance of AlMgB14-70 wt.% TiB2 was greater than that ofWC+Co 
and SiC but lower than that of P-BN. 
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5. At the small loads of 20 and 30 N, the deformation in all AlMgB14 samples with TiB2 
occurred only at surface asperity peaks. At the high load of 70 N, a groove with a 
sharp boundary was formed, and plastic deformation was observed on the entire 
surface along with some cracks. 
6. The abrasive wear resistance of AlMgB14 materials increased with addition of TiB2 
(till 70 wt. %), and the higher the proportion of TiB2, the higher was the abrasive 
wear resistance. 
7. The abrasion resistance of AlMgB14 - 70 wt.% TiB2 was comparable to that of P-BN 
but much greater than that of WC-Co. 
8. At low loads, the mechanism of abrasion was grooving or scratching. At higher loads, 
abrasion occurred by microcracking at discrete locations resulting in 
microfragmentation. The latter was not observed on the abraded surface of P-BN 
which exhibited some plastic deformation. 
9. The tool wear studies with AlMgB14 - 70 wt.% TiB2, WC-Co and P-BN as the tool 
materials and Ti-6Al-4V as the work-piece materials showed minimum nose wear in 
the case of AlMgB14 - 70 wt.% TiB2 and maximum in P-BN. The crater wear was 
excessive for P-BN and negligibly small in the case of other two materials. On an 
overall basis, the wear of AlMgB14 - 70 wt.% TiB2 was the lowest. 
10. The adhesion of the work-piece material with the tool material was lower in the case 
of AlMgB14 - 70 wt.% TiB2 than in WC-Co or P-BN. 
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The new AlMgB14 material modified with 70 wt.% TiB2 additive may prove to be a 
useful material in demanding wear applications, such as earth moving, mining, rock drilling, 
and manufacturing industries. 
For further studies the toughness of this material might be improved by adding a few 
percentage of binder, which will avoid tool chipping during machining. 
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